Toll-interacting protein (Tollip) is an endogenous inhibitor of toll-like receptors, a superfamily that plays a pivotal role in various pathological conditions, including myocardial infarction (MI). However, the exact role of Tollip in MI remains unknown.
Introduction
Myocardial infarction (MI) caused by coronary artery blockade is the major cause of death worldwide (Rafiq et al., 2014) . The continuous inflammatory response and necrosis of ischaemic tissue are two of the most marked characteristics that could mutually enhance during the process of MI-induced heart damage and eventually lead to heart failure (Jones et al., 2014) . An inflammatory response is triggered immediately after MI. Although the infiltration of inflammatory cells into the myocardium could scavenge necrotic myocytes and extracellular matrix (ECM) debris to promote the healing process (Frangogiannis, 2012) , sustained inflammatory and immune infiltrate is directly linked to myocardial apoptosis and impairs cardiac function (Kin et al., 2006; Schofield et al., 2013) . MI-induced myocardial apoptosis persists months beyond the acute phase after MI (Baldi et al., 2002) . The loss of cardiomyocytes in both the infarct border zone and remote areas causes persistent structural and functional impairments in the heart, thus accounting for the progression of heart failure (Wencker et al., 2003; Lal et al., 2012) . The essential roles of myocardial apoptosis and inflammation in the pathological progression of MI-related cardiac impairments underscore the importance of anti-apoptotic and anti-inflammatory strategies and are of great clinical relevance. A better understanding of the regulators involved in myocardial apoptosis and inflammation is important for the exploitation of novel therapeutic targets for MI.
Toll-interacting protein (Tollip), initially identified as an adaptor protein in IL-1 receptor signalling, contains a C2 domain, a coupling ubiquitin to the endoplasmic reticulum degradation domain and a Tom1 binding domain (Burns et al., 2000) . This molecule is ubiquitously expressed, with particularly high expression levels in the heart . Studies from our group and others recently reported that Tollip negatively regulates pathological cardiac hypertrophy in vivo and in vitro (Hu et al., 2009; Liu et al., 2014) , suggesting a critical role for Tollip in heart disease. However, despite pressure overload and myocardial ischaemia being major contributors to heart failure, distinct pathological processes participate in cardiac hypertrophy and MI (Heineke and Molkentin, 2006; Heusch et al., 2014) . Thus, it is worth investigating whether Tollip plays a role in the pathogenesis of myocardial ischaemia-induced cardiac dysfunction. Notably, previous studies provide extensive evidence that Tollip plays a pivotal role in the immune response. Tollip can regulate inflammatory cytokine production and apoptotic responses in several cell types by suppressing the kinase activity of IRAK-1 and toll-like receptor signalling (Burns et al., 2000; Zhang and Ghosh, 2002) , which are critically involved in the pathogenesis of MI (Shishido et al., 2003; Riad et al., 2008; Timmers et al., 2008) . The regulatory effects of Tollip on inflammation and apoptosis provide clues to its involvement in MI-induced heart failure. However, no report on this topic is currently available.
In the current study, to determine the role of Tollip in MI, we examined the post-infarction outcomes in both global Tollip knockout (KO) mice and transgenic (TG) mice with cardiac-specific overexpression of the human Tollip gene, and found that Tollip-TG mice have a higher mortality rate and develop more severe cardiac dysfunction after MI compared with their non-transgenic (NTG) controls, whereas Tollip depletion ameliorates this pathological process. Furthermore, we provide evidence that the effect of Tollip on MI is mediated, at least in part, by a blockade of Akt signalling.
Methods

Human heart samples
All procedures in the current study were approved by the Ethics Committee of Renmin Hospital of Wuhan University (Wuhan, China) and conformed to the principles outlined in the Declaration of Helsinki. Patients with ischaemic heart disease (IHD) who intended to undergo heart transplantation were the main donors of left ventricular heart samples 
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matching (Chen et al., 2013; Jiang et al., 2014b,c) . Additionally, written informed consent was obtained from all patients and donors.
Experimental animals
All of the animal protocols in this study were approved by the Animal Care and Use Committee of Renmin Hospital of Wuhan University and conformed to the Guidelines for the Care and Use of Laboratory Animals prepared by the National Academy of Sciences and published by the National Institutes of Health. Experiments involving animals consulted the ARRIVE guidelines McGrath et al., 2010) . A total of 226 male mice with C57BL/6J background aged 8-10 weeks (24-27 g) were used in the present study. Mice were housed with four to five mice in a cage and maintained under a 12/12 h light/dark cycle (lights on 07:00 a.m.) with the ambient humidity at 50-80% and the temperature at 21 ± 2°C. Food and water were provided ad libitum. The Tollip-KO mice were purchased from the European Mouse Mutant Archive (B6.Cg-Tollip tm1Kbns/Cnrm ). The α-MHC-Tollip TG mice were established by microinjecting an α-MHC-Tollip construct into fertilized mouse embryos as previously described . The KO mice and their Tollip +/+ littermates as well as TG and NTG mice were randomized for subsequent experiments. Experimental subjects/preparations were randomized to groups and a randomized double-blind study was employed.
Mouse MI model
The MI model was established by ligating the left anterior descending (LAD) coronary artery as previously described (Xiao et al., 2012; Sun et al., 2013) . Briefly, mice (aged 8-10 weeks, 23-28 g body weight) were i.p. injected with 0.3% pentobarbital sodium (90 mg·kg −1 ; P3761, Sigma-Aldrich, St. Louis, MO, USA) and ventilated with room air using a small animal ventilator (model VFA-23-BV; Kent Scientific, Litchfield, CT, USA). Adequate anaesthesia was characterized by slow but regular breathing and no pedal withdrawal reflex. The hearts were exposed through the third or fourth intercostal spaces after thoracotomy, and the LAD was ligated under the tip of the left atrial appendage with a 7-0 silk suture. Paleness around and below the ligation point was recognized as a sign of successful ligation. For the sham operation, a silk suture was placed around the LAD, but no ligation was performed. After the surgery, the chest of the mouse was closed, and the animal received buprenorphine (0.1 mg·kg −1 , s.c.) for post-operative analgesia. Finally, the animals were placed back into independently ventilated cages after they had fully recovered. During the 4 week follow-up, animal deaths were recorded. All of the operators and the personnel involved in the subsequent data analysis were blinded to the study groups.
Echocardiography and cardiac catheterization
The echocardiography and haemodynamic evaluations have been described in detail elsewhere 2014a,b) . Briefly, the mice were anaesthetized by inhalation of isoflurane at a concentration of 1.5-2.0%, and echocardiography was performed using a MyLab30CV ultrasound (Biosound Esaote, Inc., Indianapolis, IN, USA) with a 15 MHz linear array ultrasound transducer. The left ventricular enddiastolic diameter and left ventricular end-systolic diameter were obtained and analysed to obtain the left ventricular ejection fraction and fractional shortening (FS).
Cardiac catheterization was conducted using a catheter conducer (SPR-839, Millar Instruments, Houston, TX, USA) to evaluate the haemodynamic status of the left ventricle. The catheter was inserted into the left ventricular cavity via the right carotid artery under pressure control. Pressure signals and dP/dT were recorded continuously using an ARIA pressure-volume conductance system coupled with a Powerlab/4SP A/D converter after stabilization for 15 min. For subsequent analysis of pressure-volume loops, the PVAN software (Millar Instruments) was used.
Morphological analysis and infarct size measurement
Mice were killed at the indicated time points via an overdose of anaesthesia to access the morphology and infarction area of hearts. To obtain pathological samples, the excised hearts were immediately placed in 10% KCl solution to induce cardiac arrest during the diastolic phase and then injected with 10% neutral formalin solution improved fixation to prevent the collapse of the infarct site. Subsequently, the left and right atria of the heart were cut off, leaving the double ventricle for serial dehydration and embedding. The heart was then continuously sectioned from the bottom to the apex along the short axis. Slices, stained with haematoxylin and eosin, were collected with an interval of 300 μm between each section to determine the infarct size. Image-Pro Plus 6.0 (Media Cybernetics, Inc. Rockville, MD, USA) was used to calculate the length of the midline measured as midline circumference, while midline infarct length was taken as the midline of the length of infarct. Infarct size derived from midline length measurement was calculated by dividing the sum of midline infarct lengths by the sum of midline circumferences from all sections and multiplying by 100%. All measurements were made in a blinded fashion.
Immunofluorescence staining
To determine the presence of immune cell infiltration and quantify its magnitude, the paraffin sections were stained using standard immunofluorescence staining techniques. In brief, the sections were prepared, dried, dewaxed, hydrated and repaired. Subsequently, the sections were washed in PBS, sealed with 10% sheep serum for 1 h and incubated with primary antibodies at 4°C overnight. And then, the sections were washed in PBS and incubated with the corresponding secondary antibodies for 1 h at 37°C, followed by DAPI (S36939, Invitrogen, Carlsbad, CA, USA) staining to mark the nuclei. The qualitative expression of CD3, MAC1 and LY6G was assessed using a special Olympus DP72 fluorescence microscope (model BX51TRF, Olympus Corporation, Shinjuku, Tokyo, Japan), whereas quantitative assessment and analysis were performed by counting the number of positive cells in at least five randomly selected fields of the infarct border zone for each heart using Image-Pro Plus 6.0.
Neonatal rat cardiomyocytes (NRCMs) culture and infection with recombinant adenoviral vectors
to 2-day-old Sprague-Dawley rats were excised and digested with PBS containing 0.03% trypsin and 0.04% collagenase type II to isolate the cardiomyocytes from the fibroblasts. The cardiomyocytes were then seeded at a density of 1 × 10 6 cells per well in 6-well culture plates coated with fibronectin in plating medium, which consisted of F10 medium supplemented with 10% FCS and penicillin/streptomycin. To silence or overexpress Tollip, we infected the NRCMs with adenoviral short hairpin Tollip (AdshTollip) or adenoviral Tollip (AdTollip) as described previously . Additionally, to examine the role of Akt in the regulatory effects of Tollip on cardiomyocyte damage, the AdshTollip-or AdTollip-infected NRCMs were co-infected with AddnAkt (a dominant negative mutant of Akt) or AdcaAkt (constitutively activation of Akt) respectively. The AdshRNA-or AdGFPinfected NRCM cells were used as controls.
NRCM hypoxia treatment and viability assay
For the hypoxia treatment of NRCMs, after 24 h of normal culture, the medium was replaced with F10 medium containing 0.1% FCS and 0.1 mM BrdU (to inhibit the proliferation of fibroblasts). The cultured cardiomyocytes were exposed to hypoxia stimulation in a BioSpherix C-Chamber (model C-274, BioSpherix, Redfield, NY, USA) with a standard cell culture chamber. Using a ProOx 110 oxygen controller and a ProCO2 CO2 controller (BioSpherix, Redfield, NY, USA), the oxygen (O2) concentration was maintained at 5% and the CO2 concentration was maintained at 5% inside the C-Chamber by injecting N2 and CO2. For the controls, the C-Chamber was maintained at 37°C and filled with 5% CO2 and 95% air. Cell viability was assessed by colorimetric LDH cytotoxicity assay (G1782, Promega, Madison, WI, USA) and cell counting kit-8 (CK04, Dojindo, Tokyo, Japan) assay according to the manufacturer's instruction.
Determination of cell death
As previously described (Xiao et al., 2012; Wang et al., 2013) , TUNEL was used to determine cell death due to apoptosis using the ApopTag® Plus In Situ Apoptosis Fluorescein Detection Kit (#S7111, Millipore, Billerica, MA, USA). The TUNELpositive cells (%) in the infarcted border zone were assessed using the quantitative software Image-Pro Plus 6.0 under high magnification (×400).
Hoechst 33258/propidium iodide (PI) double staining was used to detect cell death as previously described . Briefly, the NRCMs were exposed to hypoxia stimulation for 24 h and fixed with 4% paraformaldehyde for 15 min at 37°C. After washing in PBS, the cells were successively stained with Hoechst 33258 (H3569, Invitrogen) and PI (P4864, Sigma-Aldrich) for 10 min respectively. Finally, cells were washed in PBS, and the slides were sealed with glycerin. To observe the extent of cardiomyocyte apoptosis, the cells were photographed using a fluorescence microscope.
Western blot analysis
Total protein was extracted from the left ventricular samples and primary cultured cells. The protein concentration was determined using the Pierce BCA protein assay kit (23225, Thermo Scientific, Waltham, MA, USA). Protein extracts (30 μg) were separated using SDS-PAGE, transferred to a PVDF membrane (IPVH00010, Millipore) and incubated with indicated primary antibodies at 4°C overnight. After incubation with a peroxidase-conjugated secondary antibody -that is, peroxidase-affinipure goat anti-mouse IgG (H + L) (115-035-003) or peroxidase-affinipure goat anti-rabbit IgG (H + L) (111-035-003) (Jackson ImmunoResearch, West Grove, PA, USA) -the signals were visualized using a Bio-Rad ChemiDoc TM XRS + (Bio-Rad, Hercules, CA, USA). The specific protein expression levels, expressed as the grey values of the bands, were normalized to the GAPDH (loading control) values of the corresponding samples on the same nitrocellulose membrane.
Design and statistical analysis
The data are presented as the mean ± SD. Survival analysis was performed employing Kaplan-Meier curves and the survival rates of the indicated groups were compared by log-rank test. Independent sample t-tests and one-way ANOVA were used to respectively compare the data between two groups and among multiple groups using Statistical Package for the Social Sciences (SPSS, IBM Corporation, Endicott, NY, USA) 13.0. P < 0.05 was considered statistically significant.
Reagents
Antibodies against the following proteins were purchased from Cell Signaling Technology (Danvers, MA, USA) (1:1000 dilution): Bax (#2772), Bcl-2 (#2870), cleaved caspase-3 (#9661), caspase-3 (#9662), P-MEK (#9154), MEK (#9122), P-ERK (#4370), ERK (#4695), P-JNK (#4668), JNK (#9258), P-p38 (#4511), p38 (#9212), P-Akt (#4060), Akt (#4691), P-mTOR (#2971), mTOR (#2983), P-S6 (#2215), S6 (#2217), P-FOXO1 (#9461), FOXO1 (#2880), P-GSK3β (#9322), GSK3β (#9315), P-p65 (#3033), p65 (#4764), P-IκBα (#9246), IκBα (#4814) and GAPDH (#2118). The Tollip (SC27315) antibody was purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA). The MAC1 (ab75476) antibody was purchased from Abcam (Cambridge, UK). CD3 antibody (GA045204) was obtained from GeneTech (Shanghai, China). The LY6G (551459) antibody was purchased from BD Biosciences (Franklin Lakes, NJ, USA). The Akt-specific inhibitor MK-2206 (S1078) was purchased from Selleck Chemicals LLC (Houston, TX, USA).
Results
Tollip expression is elevated in human and murine ischaemic hearts
As the alteration in the expression of target proteins might provide initial evidence for the involvement of certain factors in diseases; the protein expressions Tollip were first tested in the left ventricles of IHD patients undergoing heart transplantation due to end-stage heart failure. The Western blotting results indicated that the Tollip protein levels were increased by 40.14% in failing human hearts compared with that of donors ( Figure 1A ). Consistently, in murine hearts subjected to MI, the Tollip expression levels significantly increased in the myocardium derived from the infarct border zone after 1 week of LAD coronary artery ligation, and this increase progressively achieved to a higher level in 4 week post-MI injury ( Figure 1B ). The dramatic alterations in Tollip protein levels suggest that Tollip might be involved in and exert crucial roles in the progression of MI-induced heart failure.
Tollip exacerbates mortality, infarct size and cardiac dysfunction following MI
The elevated Tollip expression in ischaemic hearts promotes us to investigate the potential mediatory functions of Tollip in MI. Thus, the in vivo MI model was established in Tollip-KO and cardiac-specific Tollip-TG mice as well as their Tollip +/+ and NTG controls. Post MI operations, survival rates were monitored in the indicated groups and a significantly higher survival was observed in Tollip-KO mice compared with Tollip +/+ controls. As Figure 2A shows, only 19 out of 35 Tollip +/+ mice (54.29%) survived up to 4 weeks post-MI, while in the Tollip −/− group 19 out of 24 mice (79.17%) survived. Additionally, after MI injury, obvious infarction was observed in cross-sections of heart tissue from Tollip +/+ mice at 3 days and 4 weeks, which was dramatically reduced by Tollip depletion at 3 days (6.41 ± 0.12% in Tollip −/− /MI group vs. 13.78 ± 0.6% in Tollip +/+ /MI group) and at 4 weeks (18.03 ± 3.75% in Tollip −/− /MI group vs. 31.55 ± 4.61% in Tollip +/+ /MI group, Figure 2B ,C). Concomitant with the diminished infract size, Tollip deficiency greatly ameliorated MI-induced cardiac dysfunction, as evidenced by the promoted FS percentage (FS%), ejection fraction percentage (EF%), dP/dtmax and dP/dtmin in Tollip −/− mice compared with those of Tollip +/+ controls post-MI ( Figure 2D ).
To provide further support for the potential roles of Tollip in MI-induced heart damage, the influence of Tollip up-regulation on MI outcomes was assayed and compared in Tollip-TG mice and their NTG controls subjected to MI. In contrast to Tollip-deficient mice, the Tollip-TG mice presented a significantly increased mortality rate (66.07% in Tollip-TG/MI group vs. 45.71% in NTG/MI group), while the infarct size in Tollip-TG heart sections strikingly increased from 11.07 to 24.03% at 3 days, and from 32.29 to 45.71% at 4 weeks after MI in NTG controls ( Figure 2E-G) . Additionally, compared with NTG mice, the reduced FS%, EF%, dP/dt max and dP/dtmin in Tollip-TG further confirmed the aggravated effect of Tollip overexpression on MI injury ( Figure 2H ). However, interestingly, at baseline, neither global KO nor cardiac overexpression of Tollip manifested abnormalities in cardiac structure or function compared with wild-type controls. Collectively, these results obtained from Tollip-KO and Tollip-TG mice indicate that during MI-induced heart damage, Tollip could deteriorate mortality rate, infarct size and cardiac dysfunction.
Tollip augments immune cell infiltration following MI
Given that inflammatory response is a key component of ischaemic cardiac injury (Schofield et al., 2013) , we determined the effects of Tollip on inflammatory and immune cell infiltration in the infarct border zone of different experimental groups. As shown in Figure 3A , the Mac-1-positive macrophages, LY6G-positive neutrophiles and CD3-positive T cells accumulated in the infarct border zone at 3 days and 4 weeks after MI, while Tollip depletion led to profoundly reduced inflammatory cell infiltration ( Figure 3A ). In contrast, overexpression of Tollip in the heart significantly promoted inflammatory and immune cells infiltration to infarct border zone at 3 days and 4 weeks after MI ( Figure 3B ), indicating the potently exacerbated effects of Tollip on MI-related migration and accumulation of inflammatory and immune cells.
NF-κB signalling is one of the most critical molecular programmes that modulate the initiation and persistence of inflammatory response. Thus, to explore the mechanism underlying Tollip-induced alterations in inflammatory and immune cell infiltrations, we examined the regulatory effect of Tollip on NF-κB pathways. In the ischaemic heart samples (infarct border zone), NF-κB signalling was significantly activated, which was indicated by the down-regulated IκBα expression and up-regulated protein expression of phosphorylated p65 and IκBα in the heart from Tollip +/+ and NTG mice ( Figure 3C,D) . As expected, the degradation of IκBα in the myocardium was attenuated in Tollip-KO mice compared with Tollip +/+ mice after MI; consistently, the phosphorylation levels of the NF-κB family member p65 and IκBα were significantly lower in Tollip-KO mice ( Figure 3C ). Conversely, the hearts of TG mice exhibited increased IκBα degradation and p65 phosphorylation when compared with their NTG controls ( Figure 3D ). Taken together, these data imply that Tollip could promote inflammatory response in the context of MI through enhancing the activation of the NF-κB pathway.
Tollip mediates cardiomyocyte apoptosis following MI
During MI-induced heart damage, cardiomyocyte apoptosis contributes to the formation of infract size, and thus lead to cardiac dysfunction or even heart rupture after MI (Pu et al., 2013) . Therefore, the possible role of Tollip in myocardial apoptosis was investigated applying TUNEL staining assay in the infarct border zone. After MI, significantly lower percentage of TUNEL-positive apoptotic cardiomyocytes was observed in Tollip-KO hearts (9.98% at 3 days, and 4.89% at 4 weeks) compared with that of Tollip +/+ hearts (19.38% at 3 days, and 10.98% at 4 weeks) ( Figure 4A,B) . In contrast, Tollip overexpression dramatically increased the percentage of TUNEL-positive cardiomyocytes to 32.99% at 3 days and to 19.94% at 4 weeks respectively ( Figure 4A,C) . To gain a deeper insight into the mechanisms underlying the pro-apoptotic property of Tollip, we evaluated pro-and anti-apoptotic protein levels. After MI injury, the anti-apoptotic protein Bcl-2 and pro-apoptotic protein Bax were significantly decreased and increased respectively in Tollip +/+ and NTG mice ( Figure 4D,E) . The results of Western blotting showed that Tollip KO maintained the high protein expression level of Bcl-2 and down-regulated the expression of Bax compared with Tollip +/+ controls ( Figure 4D ). However, hearts from the Tollip-TG mice showed up-regulation of Bax and downregulation of Bcl-2 compared with the hearts from NTG controls ( Figure 4E ). Correspondingly, a significant decrease in caspase-3 cleavage was detected in Tollip-KO hearts compared with Tollip +/+ controls ( Figure 4D ), whereas Tollip-TG mice showed a significantly increased caspase-3 cleavage level compared with those of NTG controls ( Figure 4E ).
To further confirm that Tollip is directly linked to cardiomyocyte apoptosis, we tested the effect of Tollip in hypoxiastimulated cytotoxicity of primary cardiomyocytes. Cultured NRCMs were infected with AdshTollip or AdTollip to silence or overexpress Tollip respectively. The hypoxia-induced cell death was visualized by Hoechst/PI double staining. Consistent with the in vivo results, Tollip promoted hypoxia-elicited cell death in cardiomyocytes, as AdshTollip infection led to fewer PI-positive cells, whereas much abundant PI-positive cells were observed in the AdTollip-infected cardiomyocytes ( Figure 5A,C) . Additionally, the exacerbated cytotoxicity induced by Tollip overexpression was evidenced by the decreased cell viability and increased LDH release in AdshTollip-infected cardiomyocytes, while AdshTollip infection cause the opposite results ( Figure 5B,D) . Based on these results, we further tested the effect of Tollip on apoptosisrelated protein expression in NRCMs exposed to hypoxia. AdshTollip-infected cells presented significantly higher levels of the anti-apoptotic protein Bcl-2 and markedly lower levels of the pro-apoptotic protein Bax and cleaved caspase-3 compared with AdshRNA-infected cells exposed to hypoxia ( Figure 5E ). In contrast, AdTollip-infected NRCMs exhibited significantly increased protein levels of Bax and cleaved caspase-3 as well as lower expression of Bcl-2 compared with AdGFP-infected NRCMs ( Figure 5F ). Taken together, these results suggest that Tollip mediates apoptosis-related protein expression and thus promotes cardiomyocytes apoptosis.
Tollip regulates MI outcomes in an Akt-dependent manner
In an attempt to characterize the downstream effectors responsible for the deleterious effects of Tollip after MI, we first examined whether the MAPK cascade, a signalling pathway that could greatly regulate MI-induced inflammatory and apoptotic responses (Xuan et al., 2011) , was disrupted by Tollip in hearts subjected to MI. As shown in Figure 6A ,B, the phosphorylation of mitogen-activated protein kinase kinase (MEK)1/2, ERK1/2, JNK and p38 was increased in response to ischaemic stress. Nevertheless, no significant difference was observed between the Tollip-KO or Tollip-TG mice and their littermate controls in the infarct border zone ( Figure 6A ,B). These data indicate that the MAPK cascade might be not involved in Tollip-regulated MI injury.
Therefore, we further examined the effect of Tollip on another important molecular pathway, Akt signalling, in MI progression. Interestingly, the phosphorylation levels of proteins of Akt signalling including Akt, mammalian target of rapamycin (mTOR), glycogen synthase kinase 3-beta (GSK3β), S6 and Forkhead box protein O1 (FOXO1) were significantly higher in the Tollip-KO mice than in the Tollip +/+ controls, whereas the phosphorylation expressions of these proteins were dramatically reduced in Tollip-TG hearts compared with the NTG controls ( Figure 6C -E).
To further support the regulatory role of Tollip in Akt phosphorylation, we performed gain-and loss-of-function studies in cultured NRCMs. As shown in Figure 6F -H, consistent with the in vivo data, obvious increased expressions of P-Akt, P-mTOR, P-GSK3β, P-S6 and P-FOXO1 were detected in the AdshTollip-infected NRCMs compared with AdshRNAtransfected NRCMs; nevertheless, the AdTollip infected strikingly suppressed the phosphorylation of Akt signalling compared with the AdGFP-transfected cells. Moreover, to evaluate the influence of Akt signalling in the Tollipregulated MI progression, the AdshTollip-and AdTollipinfected cardiomyocytes were co-infected with AddnAkt and AdcaAkt, respectively, and exposed to hypoxia for 24 h. Notably, the ameliorated and aggravated cell damage induced by artificial down-regulation and up-regulation of Tollip were largely abolished by AddnAkt and AdcaAkt, respectively ( Figure 6I-J) , which suggest the Akt-dependent manner of Tollip-mediated cardiomyocyte damage in vitro. Furthermore, Tollip +/+ and Tollip −/− mice were treated with the Akt-specific inhibitor MK-2206 (120 mg·kg −1 , p.o., three times a week) for 1 week to evaluate whether the detrimental role of Tollip on MI-induced injury is mediated by AKT in vivo. Our results
Figure 4
Tollip promotes apoptosis and regulates the expression of apoptosis-related genes in response to MI. (A-C) Representative TUNEL staining images (A) and quantitative results (B,C) TUNEL-positive cells in heart sections from (B) Tollip +/+ and Tollip −/− mice and from (C) NTG and Tollip-TG mice at 3 days and 4 weeks after MI (n = 6 mice per experimental group, *P < 0.05 vs. Tollip showed that compared with vehicle (DMSO treatment), MK-2206 treatment significantly reduces the phosphorylation levels of Akt, increases infarct size and aggravates cardiac dysfunction ( Figure 7A-D) . Notably, Tollip −/− +MK-2206 mice had a comparable infarct size and cardiac function with Tollip +/+ +MK-2206 mice, which indicated that the detrimental effects of Tollip on cardiac injury in response to MI is majorly dependent on Akt inhibition (Figure 7B-D) .
Discussion
In the current study, we identified a novel role for Tollip in mediating the pathological progression of MI-induced heart damage. Using gain-and loss-of-function approaches, an obvious elevation of survival, a diminished infarct size and a sustained cardiac function were found in Tollip-KO mice. In contrast, the forced expression of Tollip exacerbated myocardial apoptosis and immune cell infiltration, leading to an increased mortality rate and marked loss of cardiac function. Mechanistically, these deleterious effects of Tollip were largely dependent on the inhibition of Akt signalling.
Examining the expression alterations of target factor is one of easily achieved approaches for auxiliary prediction of its involvement in certain pharmacological conditions (Cravatt et al., 2007) . In the present study, Tollip was dramatically up-regulated in human ischaemic heart and animal MI models. Interestingly, this finding is contrary to our previous finding that Tollip was down-regulated in pressure overloadinduced cardiac hypertrophy . This disparity may be attributable to the different corresponding disease models. In fact, similar to the divergence observed in the heart, the expression of Tollip varies widely in the colon in response to different stress stimuli (Pimentel-Nunes et al., 2012; Xu et al., 2013) . In the context of colitis, the expression of Tollip is elevated, while in a model of colon cancer, the Tollip level is decreased. Correspondingly, the different alterations of Tollip expressions might be also related to its diverse functions in disease models. Tollip preserved pressure overload-induced cardiac hypertrophy and delayed heart failure by inhibiting cardiomyocyte enlargement and cardiac fibrosis , whereas during MI injury, as shown in the current study, Tollip aggravated cardiac dysfunction and increased mortality through promoting inflammatory and apoptotic responses. In the early stage of MI injury, inflammatory response is triggered rapidly to confront the interrupted blood supplyinduced cellular damage, which is characterized by the inflammatory and immune cells infiltrating into the myocardium and scavenging ECM debris (Frangogiannis, 2012) . However, sustained immune cell infiltration is directly linked to myocardial apoptosis and impairs cardiac function (Kin et al., 2006; Schofield et al., 2013) . Our results demonstrated that Tollip overexpression promoted the migration and accumulation of macrophages, neutrophiles and CD3 + -T lymphocytes at 3 days and 4 weeks after MI. Further, our analysis revealed that Tollip enhanced MI-induced activation of NF-κB signalling at 4 weeks post-infarction, which profoundly contributes to inflammatory and immune cell infiltration (Ma et al., 2012) . Thus, the increased acute and chronic inflammatory response may, at least partially, explain the detrimental effect of Tollip on apoptosis and the subsequent cardiac dysfunction after MI. However, inconsistent with our study, previous reports suggest that in RAW264.7 cells and human dermal endothelial cells, Tollip up-regulation inhibited NF-κB activation in response to LPS (Bulut et al., 2001; Zhang and Ghosh, 2002) . The discrepancy between our study and others may stem from the different cell types and models used, reflecting the complex nature of Tollip-dependent regulation of NF-κB activity. In fact, similar disparities exist for other proteins that are involved in regulating inflammation. For example, class A scavenger receptor alleviated the inflammatory response in an endotoxic shock model (Amiel et al., 2009 ) but exacerbated inflammation during pulmonary infection (Usui et al., 2007) .
Concomitant with the chronic inflammatory response, myocardial apoptosis occurs during the acute phase of MI and persists for a long term after MI, which directly affects cardiac function and is associated with a higher mortality rate Lal et al., 2012) . Thus, apoptosis inhibition is linked to a reduced infarct size after MI (Zhao et al., 2003) . In the current study, our findings demonstrated that Tollip mediates apoptosis of cardiomyocytes: Tollip depletion reduced the number of apoptotic cells, whereas overexpression of Tollip augmented cell death. Additionally, the imbalance between pro-apoptotic protein (such as Bax and cleaved caspase-3) and anti-apoptotic protein (Bcl-2) has long been established as a key determinant of myocardial apoptosis (Chandrashekhar et al., 2004; Pu et al., 2013) . In support of the pro-apoptotic function of Tollip, we observed that Tollip down-regulated the protein expression of Bcl-2, but elevated the levels of Bax and cleaved caspase-3. Taken together, these results indicate that Tollip exacerbates cardiac dysfunction and increases infarct size after MI by promoting cell death through regulating apoptosis-related proteins.
In the pathogenesis of MI, the MAPK signalling is greatly involved in and regulates the inflammatory and apoptotic responses based on the activation and/or inactivation of the three critical subfamily, ERK, JNK and p38, upon extracellular stimuli (Xuan et al., 2011) . However, unexpectedly, Tollip exhibited no significant effect on MI-activated MAPK signalling in the current study. Consistent with our results, Didierlaurent et al. (2006) has demonstrated that LPSinduced MAPK activation in mouse embryonic fibroblasts failed to be disrupted by Tollip. Except for MAPK cascades, the Akt signalling is a well-established molecular programme involved in MI progression that could direct cardiomyocyte fate by influencing cell survival and other cellular events (Jonassen et al., 2001; Yamashita et al., 2001; Hausenloy and Yellon, 2004; Suarez et al., 2014) . Our findings suggest that the function of Tollip in the ischaemic heart is associated with the manipulation of Akt signalling, as the results demonstrated that Tollip deficiency dramatically increased the phosphorylated levels of Akt, mTOR, GSK3β, S6 and FOXO1 proteins in both mice heart tissue post-MI injury in vivo and hypoxia-stimulated cardiomyocytes in vitro. Importantly, the exacerbated cardiomyocyte damage induced by Tollip overexpression could be almost completely abolished by Akt up-regulation, suggesting an Akt-dependent manner of Tollip-regulated MI injury. The inactivation of Akt signalling by Tollip also provides support for the discrepancy of Tollip on MI-and hypertrophy-induced heart damage as Akt promotes cardiac hypertrophy and cardiomyocyte survival concomitantly (Fujio et al., 2000; Yan et al., 2011) . Taken together, these data suggest that the effect of Tollip on signalling pathways during MI-induced cardiac dysfunction is relatively selective.
During cardiac remodelling post-MI, myocyte apoptosis in the infarct zone and border zone directly affects cardiac function and is associated with a higher mortality rate Lal et al., 2012) . Thus, strategies to suppress cardiomyocyte death are important for mitigating post ischaemic heart injury. Using the cardiac-specific Tollip overexpression mice and isolated neonatal myocytes, our present study clearly demonstrated that Tollip significantly promotes cardiomyocyte apoptosis. However, Tollip is also expressed in other cell types, including fibroblasts and endothelial cells (Lee and Chung, 2012; Byun et al., 2014) . It is possible that Tollip may have effects in these cells contributing to the cardiac remodelling process post-MI, which needs further investigation. Aside from cell death, inflammation as another critical response was greatly involved in the progression of post-MI remodelling (Schofield et al., 2013) . Although the initial inflammatory response is indispensable for wound healing, sustained immune cell infiltration is directly linked to myocardial apoptosis and impairs cardiac function. Our current study demonstrated a promoted function of Tollip on immune cell infiltration, which partly explained the detrimental effect of Tollip on post-MI remodelling. Additionally, our previous study showed that Tollip also plays a critical role in pressure overload-induced cardiac fibrosis and hypertrophy, important contributors to cardiac remodelling . Notably, post-MI angiogenesis is not a process to be ignored that affects cardiomyocyte death via improving blood supply (Cochain et al., 2013) , but the extent of this process has not been found to be influenced by the Tollip gene disturbance in our present study. Taken together, multiple capacities of Tollip to regulate post-MI apoptotic and inflammatory permit its profound function in MI-induced cardiac remodelling.
Although genetically engineered mice are robust tools for determining the role of endogenous Tollip in the ischaemic heart, genetic intervention as a clinical treatment remains challenging (Dykxhoorn and Lieberman, 2005) . Thus, from a clinical point of view, studies exploring the exogenous blockade of Tollip or activation of Akt through pharmacological approaches are needed. Furthermore, considering that Tollip and Akt signalling exert opposing effects in MI and cardiac hypertrophy, future studies on exogenous inhibition or activation of certain proteins should focus on the counterbalance of their expression to rescue ischaemic injury with little or no augment on cardiac hypertrophy.
In conclusion, our study is the first to demonstrate that Tollip promotes the inflammatory response and cell apoptosis, leading to aggravated cardiac dysfunction and increased mortality after MI, and that these effects are largely dependent on the inhibition of Akt signalling. Our findings provide a novel insight into the pathogenesis of MI and highlight the potential therapeutic value of Tollip inhibition in the treatment of MI.
